1. Introduction {#s0005}
===============

Alzheimer\'s disease (AD) is a chronic neurodegenerative disorder that slowly progresses over decades and is characterized by progressive neuropathology, brain atrophy and, ultimately cognitive decline. The neuropathological hallmarks of AD are amyloid-β (Aβ~42~) plaques and neurofibrillary tau tangles. Converging evidence shows that the pathophysiological process of the disease begins decades before the time of clinical diagnosis ([@bb0035]; [@bb0260]). Either sampling cerebrospinal fluid (CSF) or with amyloid PET imaging ([@bb0150]; [@bb0240]), Aβ~42~ alterations can be detected in a substantial percentage of cognitively healthy subjects ([@bb0145]; [@bb0190]). This has led to the formulation, for research purposes, of the concept of preclinical Alzheimer disease ([@bb0065]; [@bb0210]). While it is not yet known whether all these individuals with asymptomatic cerebral amyloidosis will eventually develop AD, there is consensus that the prognosis for amyloid-positive subjects is worse than for amyloid negative ones ([@bb0040]).

By the time clinical impairment is detectable, substantial neurodegeneration has already taken place ([@bb0185]). However, the relationship between Aβ~42~ deposition and brain atrophy in preclinical AD is still under debate ([@bb0040]; [@bb0080], [@bb0085]). In cross-sectional comparisons, amyloid positive non-demented subjects show decreased whole brain ([@bb0070]) or hippocampal volumes ([@bb0030]; [@bb0050]; [@bb0180]; [@bb0215]). Conversely, other studies did not found significant differences in hippocampal volume between amyloid positive and negative healthy individuals ([@bb0140]; [@bb0255]) but some did in parietal and posterior cingulate cortex extending into the precuneus ([@bb0025]), or even found increased volume in temporal regions including the hippocampus ([@bb0045]) and parahippocampal areas ([@bb0105]).

Longitudinal studies comparing cerebral atrophy rates have reported increased declines in whole brain, hippocampus, amygdala and posterior cingulate and in temporal parietal and frontal regions in preclinical AD ([@bb0055]; [@bb0130]; [@bb0155]; [@bb0165]; [@bb0200]; [@bb0215]). However, some others were unable to detect such accelerated atrophy rates ([@bb0060]; [@bb0100]). One factor that may partially account for such discrepant results is the dichotomization of cognitively normal samples into two groups based on a threshold of amyloid abnormality. Nevertheless, studying the association between amyloid levels and atrophy rates in pooled samples of cognitively healthy subjects, again some found significant associations in the hippocampus ([@bb0005]; [@bb0220]) and in temporal regions ([@bb0055]) whereas some others did not ([@bb0060]; [@bb0245]) or the association was only evident in Aβ~42~ positive subjects, after dichotomizing the sample again ([@bb0090]; [@bb0200]). The longitudinal evolution of GM volume has been proved to be non-linear ([@bb0080], [@bb0085]; [@bb0105]) so the atrophy rate is non constant over-time neither along disease progress. It is still unclear which factors affect, a part from age and gender, the GM atrophy rate progression in cognitively healthy subjects.

Taken together, these reports reflect a complex interaction between Aβ~42~ levels and cerebral atrophy. Recently, it has been suggested that such an association might be better modeled using nonlinear regression techniques ([@bb0025]; [@bb0080], [@bb0085]; [@bb0095]; [@bb0105]) and that atrophy rates may greatly vary across different brain regions ([@bb0125]). The aim of this work is to characterize longitudinal changes, computed in a two-year period, in cognitively healthy (healthy controls and preclinical AD elders and to seek for linear associations between baseline CSF biomarker levels (Aβ~42~, p-tau and p-tau/Aβ~42~). The linear association of variables with atrophy rates deals with second order term of the atrophy, acceleration or restrain of atrophy, by looking for variations in the first order term (atrophy rate). We used the publicly available dataset from the Alzheimer\'s Disease Neuroimaging Initiative (ADNI) to replicate the findings in our sample. Thus, a secondary purpose of the work was to check for the dependence of results on the sample, and hence, to evaluate the equivalence of datasets.

2. Material and methods {#s0010}
=======================

2.1. Subjects {#s0015}
-------------

In this work, we have studied and compared two independent samples with 2 year longitudinal MRI scans and baseline CSF measurements. The first sample, referred to as HCB, originally consisted of 34 cognitively healthy subjects recruited at Alzheimer\'s Disease and Other Cognitive Disorders Unit from Hospital Clinic of Barcelona. The sample was a subset of the one described in ([@bb0105]) formed of those subjects who underwent to a second MRI scan in two years\' time and who remained cognitively healthy by the time of the second scan. The inclusion criteria were neurologically healthy subjects, aged 60--80 years, that didn\'t present any evidence of cognitive impairment (Clinical Dementia Rating, CDR = 0). The sample was mostly recruited among relatives of neurological patients who voluntary agreed to take part of the study and few subjects with subjective cognitive decline (SDC) whose cognitive tests had normal scores. Almost all controls began to the first group. Participants underwent complete clinical and neuropsychological examinations and a lumbar puncture to determine CSF Aβ~42~ and p-tau values. The mean time interval between the lumbar puncture and the first MRI session was 44 ± 35 days, ranged from 1 to 134 days. Aβ~42~, t-tau and p-tau quantitation was performed using ELISA (Enzyme-Linked ImmunoSorbent Assay kits, Innogenetics, Ghent, Belgium). Specific details about quantitation can be found in ([@bb0110]). The Aβ~42~ range for abnormality, which defined preclinical AD stage, was set to (Aβ~42~ \< 500 pg/ml) as it was determined for ELISA in a previous work ([@bb0010]). The same MRI protocol was used in both scans: High-resolution structural images by MPRAGE sequence (TR/TE/TI = 2300/2.98/900 ms, respectively, FA = 9°, 240 sagittal slices, 1 × 1 × 1 mm^3^ voxel) on a 3T TIM TRIO scanner (Siemens, Erlangen, Germany) at the IDIBAPS\'s Imaging core facilities. Two subjects had to be removed from the sample because a very poor quality of the images (movement artefact) and one preclinical AD was removed from the sample because showing an outlier value of p-tau (213 pg/ml while the mean and standard deviation of the rest of the sample was 56.4 and 47 pg/ml respectively), what biased all the analysis in which p-tau was involved. Then, the final sample consisted of 31 individuals (22 control and 9 preclinical AD). All participants signed a written consent to take part in the study and the Ethical Committee of the hospital approved the research protocol.

The second sample was a replica selected from ADNI dataset (Alzheimer\'s Disease Neuroimaging Initiative database: [adni.loni.usc.edu](http://adni.loni.usc.edu){#ir0005}). The selection criteria were identical to the previous sample: cognitively normal individuals (MMSE \> 24 and CDR = 0), aged 60 to 80 years old, who had been submitted to two sessions of MRI delayed two years on a same 3T scanner, and who had Aβ~42~ value at the time of the first MRI session. The search resulted in 49 subjects, 22 controls and 17 preAD. The selection between them was done by matching age, as main confounding factor, with subjects from HCB. Although picking the youngest ones, there still was a significant difference on age between samples ([Table 1](#t0005){ref-type="table"}). One of the firstly selected preAD subjects was removed of the sample because presenting a massive right temporal atrophy that altered all VBM analyses (outlier) and substituted by the following next in the list. The acquisition parameters depended on site/scanner, being common the matrix (256 × 256 × 240) and voxel size (1 × 1 × 1.2 mm^3^) for all subjects. Subjects scanned on a Tim TRIO had been acquired with almost the same protocol that the one used in HCB (TR/TE/TI = 2300/2.98/900 ms, respectively, FA = 9°, 240 sagittal slices, 1 × 1 × 1.2 mm^3^ voxel). In ADNI dataset, the quantitation of Aβ~42~, p-tau and t-tau levels was performed using xMAP Luminex platform and Innogenetics/Fujirebio AlzBio3 immunoassay kits. Nine of the subjects were preclinical at the time of the first scan because their Aβ~42~ level was below the threshold of pathology (192 pg/ml for this technique) ([@bb0205]). According ([@bb0160]), both quantitation techniques are not directly comparable, so the limit for pathology depends on the measure technique.Table 1Demographic comparison of samples. Volume of hippocampus is the mean of right and left hippocampus, relative to total intracranial volume and expressed in ‰. Thresholds of p-tau were 75 pg/ml in HCB and 23 pg/ml in ADNI. Thresholds for t-tau were 450 pg/ml in HCB and 93 pg/ml in ADNI. Statistical significance criterion was set to p \< 0.05 (in bold significant differences). ^⁎^Statistical tests were not calculated because different quantitation method was used in each cohort. That made values not to be comparable.Table 1

Subjects were separated in 4 groups named Ctrl-HCB, PreAD-HCB, Ctrl-ADNI and PreAD-ADNI, for controls and preclinical subjects in HCB and ADNI cohorts respectively. Similarly, Crtl-All and preAD-All referred to control and preAD groups of the merged sample (HCB + ADNI) and All-HCB and All-ADNI denoted all the subjects of each sample.

2.2. Evaluation of the equivalence of the samples {#s0020}
-------------------------------------------------

Visual inspection of images seemed to point toward a greater degree of atrophy in PreAD-ADNI than in PreAD-HCB. To verify this impression and prior to the main analyses, we checked for the equivalence of the samples. We compared equivalence of the p-tau/Aβ~42~ ratio and relative hippocampal volume distributions among samples. We also performed a few direct voxel-wise two-sample *t*-tests on GM atrophy rates images between subgroups (Supplementary material). Pre-post differences in total intracranial volume, supposed to be zero since skull size remains invariant along time, were also calculated to check for unbalanced variance related to scanner stability.

To evaluate relative hippocampal volumes, the AAL atlas in the MNI space was warped to every structural image in the native space by using the inverse of the deformation obtained in the segmentation procedure. The adapted atlas was multiplied by the subject\'s GM mask. The volume of hippocampi was calculated as the number of voxels labeled as hippocampus on the masked AAL atlas multiplied by the size of the voxel. Volumes of left and right hippocampi were averaged and divided by the total intracranial volume.

2.3. Image pre-processing {#s0025}
-------------------------

Longitudinal changes were evaluated by means of pairwise longitudinal registration (PLR) function from SPM12 (Wellcome Trust Center for Neuroimaging; UCL, UK; [http://www.fil.ion.ucl.ac.uk/spm/](http://www.fil.ion.ucl.ac.uk/spm){#ir0010}), which provides a high dimensional warping between pre and post images. PLR resulted in an image of divergences (DI) of the longitudinal deformations for every subject, which accounted for local shrinking or expansion of the tissues, and a pre-post average image. The reason of choosing PLR was to avoid the original contrast on the T1 MRI having any influence on images submitted to statistics, so images could be directly compared whatever the scanner and protocol of acquisition was. We assumed that, although GM gray intensity depended on T1 contrasts and consequently on acquisition protocol and scanner, the performance of PLR would not, so potential differences in T1 contrast would not be reflected in DI as long as the very same protocol was used in the pre and post acquisition. Furthermore, statistical analyses were performed directly on DI, instead the more standard DI\*GM, in a sort of Deformation Based Morphometry. The aim was to make purely longitudinal analyses unaffected by the cross differences of GM between groups. The inclusion of GM information in the image submitted to statistics could have resulted in a misinterpretation of the results, because there would not have been possible to distinguish longitudinal changes (divergences) and from the cross-sectional (GM maps).

In detail, pre and post images were matched using a two-step procedure: first, by using a standard registration to locate both images in the same position, and later, the PLR to calculate the local deformations occurred during the inter-scan period. PLR resulted in a pre-post average and a DI map for every subject. Since pre-images were taken as reference, the lower the value on DI, the bigger the atrophy rate. Average images were segmented and used as input to create a sample-specific template using Dartel ([@bb0020]). Individual segmented pre-post-average images were also employed to remove non-brain voxels from DI images. DI values were preserved just in those voxels whose probability of belonging to GM or WM was bigger than the probability of belonging to any other tissue. The purpose was to avoid that negative values of DI in GM were altered by positive values of DI in CSF in the smoothing procedure; due to a local GM atrophy implies a local CSF expansion. That would result in a cancellation of the expansion/shrinking information in GM voxels close to CSF. Dartel template was normalized to MNI and resulting warps were applied to masked DI, preserving concentrations, and to average images. Normalized DIs were, then, smoothed with a Gaussian kernel of 8 mm. Later, they were divided per the exact interval of time between scans (in years, one decimal) to get atrophy rates and masked with a customized common GM mask to restrict statistical analyses to GM.

The common GM mask was obtained by segmenting the mean of the normalized pre-post average images and looking for those voxels whose probability of belonging to GM was bigger than the probability of belonging to any other tissue. Then it was manually edited to remove most of periventricular voxels wrongly classified as GM, dilated by one voxel to include edge voxels and, finally, completed with a basal ganglia mask, obtained from AAL atlas, to include the thalamus and globus pallidus, which otherwise were partially excluded when using an intensity threshold as single criterion.

2.4. Statistical analyses of images {#s0030}
-----------------------------------

All voxel-based statistical analyses were performed using age at the first MRI session, gender ([@bb0120]) and education (categorical: subjects having or not \>15 years of education) as confounding covariates. Ancova was the chosen option to deal with global effects. Because of the small sample size, statistical threshold was set to p \< 0.001 uncorrected, with a minimum cluster size of 100 voxels (0.33 cm^3^) for all analyses. Due to this statistical threshold might be lenient, we remarked those results that also survived a more restrictive p \< 0.05 FWE corrected threshold. AAL toolbox ([@bb0250]) was used to label statistical maps.

Correlations between atrophy rates and basal CSF biomarkers (positive correlation with Aβ~42~, and negative with p-tau and p-tau/Aβ~42~) were also evaluated on HCB, ADNI and on the whole sample (HCB + ADNI). In whole sample analysis, Aβ~42~ and p-tau values were split in 2 columns and the dataset covariate was included to account for the different CSF quantitation techniques. In correlations with p-tau/Aβ~42~ ratio, the variable was not split in two columns assuming that, although the different techniques made the values of the CSF-biomarker not directly comparable, the ratio would likely be almost equivalent between samples. The fact the ratio of the respective thresholds of abnormality were close (0.12 and 0.15 for HCB and ADNI respectively) supported this assumption. For the shake of completeness, voxel-based two-sample *t*-tests were performed to seek for statistical differences between groups (analysis on categorical values of Aβ~42~) (Supplementary 1). Analysis on categorical values of p-tau could not be performed due to the small incidence of p-tau pathology in HCB cohort.

2.5. Sample sizes {#s0035}
-----------------

The sample size needed to detect a 25% reduction in the mean annual hippocampal atrophy rate (one-sided t-test; α = 0.05) with 80% or 95% power was also calculated for preclinical subjects in both samples, in a similar approach as in ([@bb0195]). To this end, G\*Power v3.1.9.2 was used ([@bb0075]) on gray matter atrophy data obtained from a 4 mm-radius sphere at the peak on left hippocampus of the p-tau/Aβ42 correlation after correction by age, sex and educational level.

3. Results {#s0040}
==========

3.1. Demographics {#s0045}
-----------------

[Table 1](#t0005){ref-type="table"} shows a demographic comparison of both samples. Age and CSF biomarkers in the table correspond to the time of first scan. Although choosing the youngest subjects of ADNI meeting the selection criteria, HBC cohort was significantly younger (1.5 years on average due to Ctrl-HCB \< Ctrl-ADNI, no significant differences between preAD). HCB sample showed significantly lower educational attainment than the ADNI one (all subgroups). [Table 1](#t0005){ref-type="table"} also shows statistically significant differences in p-tau/Aβ~42~ ratio, t-tau/Aβ~42~ ratio (just CtrlHCB \> Ctrl-ADNI), MMSE score (All-HCB \< All-ADNI because Ctrl-HCB \< Ctrl-ADNI, no significant differences between PreAD), and relative hippocampal volumes (All-HCB \> All-ADNI, because preAD-HCB \> preAD-ADNI, no significant differences between Ctrl).

[Fig. 1](#f0005){ref-type="fig"}a plots the p-tau/Aβ~42~ ratio distribution across subgroups corrected for age and gender. A part from those tests mentioned in [Table 1](#t0005){ref-type="table"}, p-tau/Aβ~42~ distribution showed significant differences, both on original values and values corrected for age and gender, in the following inter-subgroups comparisons: Ctrl-HCB \< PreAD-HCB, Ctrl-ADNI \< PreAD-ADNI and Ctrl-HCB \< PreAD-ADNI. However, the difference Ctrl-ADNI \< PreAD-HCB was not significant (p = 0.38). [Fig. 1](#f0005){ref-type="fig"}b shows the relative volume of hippocampus (mean right-left divided by total intracranial volume). It can be seen that the degree of hippocampal atrophy of preclinical subjects from ADNI was bigger than the observed atrophy in the rest of the groups. As already mentioned, differences were statistically significant for the tests All-HCB \> All-ADNI due to PreAD-HCB \> PreAD-ADNI, both cases with and without correction for age and gender. No significant differences were found in the pre-post TIV stability measure between samples, the difference of TIV between samples subgroups.Fig. 1Plots of p-tau/Aβ~42~ and relative hippocampal volume distributions across groups at pre time point, corrected for age and gender.Fig. 1

3.2. Longitudinal VBM {#s0050}
---------------------

As expected, since classification as control or preclinical subjects depended only on Aβ~42~ values, the analysis of the dependence of atrophy rates on continuous (correlation analysis) and categorical (two-sample *t*-test) Aβ~42~ values on the whole sample ([Fig. 2](#f0010){ref-type="fig"}) gave a similar pattern but correlation analysis showed to be more sensitive.Fig. 2Comparison of correlation of longitudinal atrophy (atrophy-rates) with continuous Aβ~42~ (yellow) with respect to Ctrl vs PreAD two-sample t-test, i.e. categorical Aβ~42~ (red), on the HCB + ADNI merged sample. Orange areas denote overlap of statistical maps. Correlation with continuous Aβ~42~ showed to be more sensitive than the two-sample *t*-test.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 2

[Fig. 3](#f0015){ref-type="fig"} shows statistical maps of correlation of atrophy rates with Aβ~42~ (first row), p-tau (second row) and p-tau/Aβ~42~ (third row) on HCB (first column), ADNI (second column) and the whole sample (third column). [Table 2](#t0010){ref-type="table"}, [Table 3](#t0015){ref-type="table"}, [Table 4](#t0020){ref-type="table"} list the significant areas in the Aβ~42~ p-tau and p-tau/Aβ~42~ correlation analyses on the whole sample, respectively. About correlation of atrophy rates with Aβ~42~, most significant differences were found in right frontal lobe, bilateral temporal lobe and precuneus, and left cerebellum. Other AD relevant areas showed differences with lower statistical significance: bilateral lingual and middle cingulum, right parietal lobe and left occipital lobe. Categorical analysis and other complementary two-sample t-test to check the equivalence of cohorts can be found in Supplementary material.Fig. 3Correlation of longitudinal atrophy (atrophy-rates) with CSF-biomarkers: comparison of results in different samples: a) shows correlations with Aβ~42~. b) displays correlations with p-tau. c) shows correlation with p-tau/Aβ~42~. Detailed enumeration of regions is provided in [Table 2](#t0010){ref-type="table"}, [Table 3](#t0015){ref-type="table"}, [Table 4](#t0020){ref-type="table"}, [Table 5](#t0025){ref-type="table"}.Fig. 3Table 2Correlation with Aβ42 whole sample. In bold, most reliable results (surviving p \< 0.05 FEW correction).Table 2p cluster FWECluster sizep voxel FWETx (mm)y (mm)z (mm)AAL label of peak**\<0.001**20,205**0.003**5.951549.516.5**Frontal_Sup_Medial_R0.008**5.5934.56−33**Temporal_Pole_Mid_R0.010**5.5237.5454.5**Frontal_Mid_R\<0.001**10,625**0.003**5.93−16.57.5−40.5**Temporal_Pole_Mid_L0.007**5.62−46.5−1.5−22.5**Temporal_Mid_L0.011**5.47−42−9−30**Temporal_Inf_L\<0.001**6539**0.003**5.873−55.534.5**Precuneus_R0.008**5.591.5−64.543.5**Precuneus_L0.013**5.44−7.5−55.536**Precuneus_L**0.497318**0.032**5.1410.552.5−24**Frontal_Sup_Orb_R**0.148725**0.040**5.0645−48−15**Temporal_Inf_R**0.0854.8036−54−16.5Fusiform_R0.3374490.1134.70−49.5−31.516.5Temporal_Sup_L0.9763.38−63−25.513.5Temporal_Sup_L0.9873.31−45−19.516.5Rolandic_Oper_L0.1457320.1204.6861.51.5−28.5Temporal_Mid_R0.3764.21511.5−48Temporal_Inf_R0.4803300.1264.6618−61.54.5Calcarine_R0.8103.7313.5−48−1.5Lingual_R**0.033**12780.1424.61−30−49.5−55.5**Cerebelum_8\_L**0.8903.61−13.5−55.5−57**Cerebelum_9\_L**0.9743.39−18−48−64.5**Cerebelum_8\_L**0.2195930.2114.46−46.5−64.5−39Cerebelum_Crus1_L0.5482840.2944.320−82.54.5Lingual_L0.7091880.2944.32−28.539−19.5Frontal_Inf_Orb_L0.5652730.4494.1316.5−46.5−22.5Cerebelum_4\_5_R0.9403.514.5−45−21Vermis_30.8371160.5114.06−27−72−13.5Fusiform_L0.6122440.6233.94−40.516.51.5Insula_L0.9823.35−3922.510.5Frontal_Inf_Tri_L0.9883.30−49.515−4.5Temporal_Pole_Sup_L0.7841460.6263.9357−25.510.5Temporal_Sup_R0.7291770.7433.81−24−102−7.5Occipital_Mid_L0.8351170.7813.76−15−39−45Cerebelum_10_L0.7381720.8083.7337.5−43.539Parietal_Inf_R0.8243.7139−3643.5SupraMarginal_R0.7931410.8153.721.5−1246.5Cingulum_Mid_R0.9783.3701.540.5Cingulum_Mid_LTable 3Correlation with p-tau whole sample. No voxel survived p \< 0.05 FEW corrected threshold.Table 3p cluster FWECluster sizep voxel FWETx (mm)y (mm)z (mm)AAL label of peak0.2515700.1244.64−23−8Caudate_L0.9633.41−1410−14Olfactory_L0.7731510.3134.27−30−18−10Hippocampus_L0.8271190.5463.99−22−4−32ParaHippocampal_LTable 4Correlation with p-tau/Aβ42 whole sample. In bold, most reliable results (surviving p \< 0.05 FEW corrected threshold).Table 4p cluster FWECluster sizep voxel FWETx (mm)y (mm)z (mm)AAL label of peak**0.000**9042**0.000**6.84−4.51.5−9**Pallidum_L0.005**5.71−21−7.5−28.5**ParaHippocampal_L0.017**5.32−7.521−9**Caudate_L0.032**1328**0.000**6.514522.5−13.5**Frontal_Inf_Orb_R**0.0654.8743.536−18Frontal_Inf_Orb_R0.3494.223312−12Insula_R0.695197**0.024**5.2110.549.5−28.5**Frontal_Sup_Orb_R0.001**2767**0.028**5.1628.5−1.5−33**ParaHippocampal_R0.029**5.1528.5−4.5−45**Fusiform_R**0.0554.9315−9−27ParaHippocampal_R0.3334640.1714.523−55.534.5Precuneus_R0.5493.99−6−64.539Precuneus_L0.4773380.1824.5042−43.5−13.5Fusiform_R0.5603.9837.5−55.5−13.5Fusiform_R0.7391710.1894.48−61.5−43.545Parietal_Inf_L0.7713.75−66−46.533SupraMarginal_L0.4703430.1964.4725.540.5−12Frontal_Mid_Orb_R0.6512230.2644.35−13.537.5−24Frontal_Sup_Orb_L0.5642770.3034.29−30−51−57Cerebelum_8\_L0.3994010.3084.2864.57.59Rolandic_Oper_R0.9563.44661.519.5Postcentral_R0.6882010.4504.1054−28.512Temporal_Sup_R0.8271200.5693.973943.56Frontal_Mid_R0.8021350.6993.83−9−3939Cingulum_Mid_L0.8321170.7233.8131.5−22.5−6Hippocampus_R0.9913.2624−270Thalamus_R0.8471080.8603.63−54−3016.5Temporal_Sup_L0.9623.42−61.5−2713.5Temporal_Sup_L

Correlations with p-tau (whole sample) showed differences in left hippocampus, parahippocampus, caudate and olfactory areas. However, none of such differences survived a restrictive p \< 0.05 FWE threshold. Finally, the analysis of the p-tau/Aβ~42~ ratio resulted in significant correlation in bilateral parahippocampi, orbito frontal and right fusiform. Other AD related areas with a lower statistical significance were bilateral precuneus, temporal superior, middle cingulate, left parietal lobe and right hippocampus, postcentral, rolandic gyrus and caudate. [Table 5](#t0025){ref-type="table"} is a summary of the differences between characteristics of HCB and ADNI cohorts and their corresponding correlation maps. It is worthy to remember that no surviving voxels in p-tau correlation in ADNI cohort doesn\'t mean that there were not atrophy anywhere in the brain, but the atrophy-ratio were independent of p-tau-values. For the shake of completeness, we included in Supplementary material the one sample *t*-test of both samples to elucidate in which areas of the brain there were a significant atrophy in each subgroup. As expected, those test show a significant atrophy-rate in AD-related (both samples) and other cortical areas (just HCB).Table 5Differences between cohorts. Correlations with continuous Aβ~42~, p-tau and p-tau/Aβ~42~ ratio. (\*) p \< 0.05 FWE corrected at peak or cluster level.Table 5CohortProtective factorsRisk factorsCorrelation with Aβ~42~Correlation with p-tauCorrelation with p-tau/Aβ~42~HCB•Slightly younger (mean difference 1.5 years)•Lower genetic risk (low number of APOE4-ε4 carriers)\
•Speculated: Mediterranean diet•Lower educational level (mean difference 6 years)•Precuneus R & L•Insula_R•Frontal_Sup_Medial_L•Temporal_Mid_R•Temporal_Sup_R•Putamen_L•Angular_L (\*)•Parietal_Inf_L (\*)•Occipital_Mid & Inf_L•Temporal_Mid_R•Temporal_Mid&Inf_L•Putamen_L•Rectus_L•Frontal_Sup & Med_Orb_L•Frontal_Sup_Medial_L•Supp_Motor_Area_LADNI•Higher MMSE scores: higher cognitive reserve•Higher prevalence of p-tau and t-tau pathology\
•Lower relative hippocampal volume•Cingulum_Ant & Mid_R (\*)•Frontal_Med_Orb_L (\*)•Frontal_Sup_Medial_R (\*)•Frontal_Mid_Orb_R (\*)•Amygdala_R (\*)•Temporal_Pole_Mid_R (\*)•Fusiform_R (\*)•Hippocampus_R (\*)•Temporal_Inf_R (\*)•Precuneus_R (\*)•Cingulum_Post_L (\*)•Insula_R (\*)•Frontal_Inf & Sup_Orb_R (\*)•Temporal_Pole_Sup_R (\*)•Hippocampus_L•Fusiform_L•ParaHippocampal_L•Cerebelum_6\_L•Temporal_Inf_L•Temporal_Pole_Mid& Sup_L•Frontal_Inf_Orb_L•Amygdala_L•No suprathreshold voxels•Frontal_Sup_Orb_L (\*)•Amygdala_L (\*)•ParaHippocampal_L (\*)•Insula_R (\*)•Temporal_Pole_Sup_R (\*)•Frontal_Sup_Orb_R (\*)•Temporal_Pole_Sup_R (\*)•Amygdala_R (\*)•Hippocampus_R (\*)•Cerebelum_Crus1_R (\*)•Frontal_Sup_Orb_R•Rectus_R•ParaHippocampal_L•Hippocampus_L•Rectus_L•Frontal_Sup_Orb_L•Temporal_Pole_Mid_R•Cingulum_Ant_L•Temporal_Pole_Mid_R

[Fig. 4](#f0020){ref-type="fig"} provides the overlap of correlation maps for the three CSF biomarkers tested. It can be seen than p-tau/Aβ~42~ shared regions with both p-tau and Aβ~42~ maps, but at this level of significance, those two last maps were disjoint. The atrophy rate of relevant regions in AD such as hippocampus appeared to be independent to basal Aβ~42~ level.Fig. 4Correlation of longitudinal atrophy (atrophy-rates) with basal CSF biomarkers in (HCB + ADNI): continuous Aβ42 (yellow), continuous p-tau (blue) and p-tau/Aβ42 (red). Orange and violet areas shows overlap of p-tau/Aβ42 maps with Aβ42 and p-tau maps, respectively. No overlap was found between Aβ42 and p-tau maps at this significance level.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 4

To illustrate the behavior of subgroups in correlation analyses, [Fig. 5](#f0025){ref-type="fig"} displays the scatter plots of the mean GM atrophy rates correlation versus the p-tau/Aβ~42~ ratio, measured on two ROIs. The first ROI is the significant cluster at the right parahippocampus obtained in the correlation analysis with p-tau/Aβ~42~ (2767 voxels, 9.34 cm^3^). The second ROI correspond to the significant cluster at precuneus from the Ctrl-All \> PreAD-All test (1331 voxels, 4.49 cm^3^). The regression lines are overlaid.Fig. 5Plots of mean GM atrophy rate (longitudinal) versus p-tau/Aβ~42~ for two clusters. Bilateral precuneus ROI corresponds to the significant cluster in that area in the two-sample *t*-test analysis on the whole sample. R-parahipocampus ROI corresponds to the significant cluster in that region in the correlation of atrophy rates with p-tau/Aβ~42~ on the whole sample analysis. It contains voxels from adjacent regions.Fig. 5

Finally, to elucidate why, although these regions are highly related to AD, no correlation of atrophy rates with Aβ~42~ were found, we plotted the mean values of atrophy rates, corrected by age, sex, high education, global and p-tau, on a sphere of 4 mm of radius centered at the voxel showing maximum correlation with p-tau/Aβ~42~ on the left hippocampus (whole sample analysis). Due to the different Aβ~42~ scaling, this plot was made separately for HCB and ADNI ([Fig. 6](#f0030){ref-type="fig"}a). A plot of the distribution across groups of the mean atrophy rates on the same sphere is also included ([Fig. 6](#f0030){ref-type="fig"}b).Fig. 6a) Longitudinal atrophy rates versus Aβ~42~ on a 4 mm-radius sphere at the peak on left hippocampus of p-tau/Aβ~42~ correlation. Values corrected for age, sex, educational level and p-tau. b) Distribution of mean longitudinal atrophy rates (white without correction, gray with correction for age, gender and education years) on the same sphere across groups.Fig. 6

Finally, the sample size to detect a 25% reduction in the hippocampal atrophy rate in preclinical subjects with 80% (95%) power was found to be 380 (664) for the HCB sample and 240 (419) for the ADNI sample ([Table 6](#t0030){ref-type="table"}). Compared to previous estimates for the same target ([@bb0195]), the sample sizes in the two preclinical populations in our study fall between those reported for stable MCI patients and healthy controls, as expected.Table 6Sample sizes to detect a 25% reduction in the hippocampal atrophy rate in preclinical subjects.Table 680% Power95% PowerHCB380664ADNI240419

4. Discussion {#s0055}
=============

In this study we aimed at identifying cerebral structural longitudinal changes across the preclinical stages of AD. To this end, we analyzed two-year volume change rates in association to baseline CSF biomarkers in two independent datasets formed by cognitively healthy subjects who were CSF Aβ~42~ positive and negative according to established cut-off thresholds. Our main finding is that atrophy rates are positively correlated to basal CSF Aβ~42~ levels in the precuneus and inferior temporal and frontal areas in concordance with that describe in ([@bb0025]; [@bb0050]; [@bb0080], [@bb0085]) among others. Interestingly, the hippocampus was spared from this association. CSF Aβ~42~ is known to change from physiologically values to reach a plateau long before the onset of clinical cognitive decline. On the other hand, in these subjects CSF p-tau was mostly associated to volume reductions in medial temporal areas in line with previous findings ([@bb0105]). In contrast with CSF Aβ~42~, early changes in CSF tau are known to predict the onset of clinical cognitive decline ([@bb0225]) and has been shown to be strongly associated to brain atrophy in these areas ([@bb0230]).

These results were obtained after merging two independent samples of cognitively healthy subjects. This approach was selected to improve the robustness, reproducibility and generalizability of our findings. However, the comparability of the two samples was not straightforward. First, the HCB sample was significantly younger and reached lower educational attainment. Both variables were included as covariates in the statistical model to correct for their effects. Moreover, PreAD-ADNI presented lower hippocampal volumes than the preAD-HBC. This finding can underpin a lower cognitive reserve in the HCB sample, also assessed by significant differences in MMSE scores ([Table 1](#t0005){ref-type="table"}), that could have resulted in a diagnosis of MCI with milder pathology that in the ADNI sample ([@bb0015]). Furthermore, Ctrl-HCB showed higher gray matter volume with respect to PreAD-HCB in the precuneus and posterior parietal areas. These areas have been reported to be affected in early-onset AD ([@bb0175]), and the precuneus has been described to shown early atrophy with increasingly abnormal CSF levels ([@bb0105]).

A second point of discussion about the equivalence of cohorts is the possible differences in the selection of participants. In one hand, the percentage of APOE4-e4 carriers was abnormally low in Ctrl-HCB (just 1 in 22 - [Table 1](#t0005){ref-type="table"}). This percentage might be low by chance, or because, due to a lower cognitive reserve in HCB, more people with APOE4-ε4 risk factor had become MCI and then excluded from the group submitted to the post scan; as inclusion criteria, they must remained cognitively healthy at the time of the second scan. Another difference is in the percentage of preclinical Alzheimer participants with abnormal p-tau levels, which is higher in the ADNI data set. According to the new research framework ([@bb0135]), these are considered to have already AD, while those with only amyloid changes are defined as preclinical participants with Alzheimer pathogenic change and hence are earlier in the disease continuum.

These results, as a whole, suggest that the ADNI sample was more advanced in the AD continuum than the HBC one. This could account for the observed discrepant results of the individual analysis and the lack of an increase in the atrophy-rate of medial temporal areas in the preAD-HCB with respect to Ctrl-HCB. Taken together, such a relative shift in the pathological progression between the two samples also highlights the importance of comparing and merging independent datasets to draw more robust and generable conclusions on the structural changes in the preclinical stages of AD. Importantly, such a shift may have important consequences in the sample size needed to detect a reduction on cerebral atrophy rates in prevention trials. It is worth noting that other unbalanced demographic variables, known or unknown, might have influenced in the disparity of results, as well. For instance, Mediterranean diet (speculative, no information available on alimentary habits of participants) could have protective effects in HCB participants ([@bb0235]).

The different degree of progression in the two samples could also explain the increased sensitivity observed in the correlation analysis with continuous CSF Aβ~42~ than when splitting the sample in preclinical and control groups according to the respective reference cutoff thresholds for amyloid positivity (categorical Aβ~42~). Even though the regions involved are very similar in the comparison of both groups ([Fig. 4](#f0020){ref-type="fig"}) and correlations with CSF Aβ~42~, the latter showed increased peak and cluster level significance. These findings suggest that correlation with CSF biomarkers, even when having to account for different analytical methods, provide with more robust and comparable results than using reference thresholds to dichotomize the biological *continuum* of preclinical AD. Please note that these thresholds were mostly derived to show optimal diagnostic capacity between cognitively healthy and impaired subjects and do not have to necessarily correspond to inflexion points with biological significance. We show that these considerations raise important practical implications for using GM changes as efficacy outcome in prevention trials. The different rates of hippocampal atrophy between the two studied samples translated in significantly different estimated sample sizes to detect a 25% reduction. Since the ADNI sample appears to be more advanced in the preclinical course of AD, the needed sample size 37% lower than what would be required for the other cohort.

As a limitation of the methods, we have to state that we had to split Aβ~42~ and p-tau columns in two in the correlation analysis on the whole sample to deal with the non-equivalence of CSF biomarkers measures between cohorts. As Aβ~42~ and p-tau scaling depended on the sample, the statistical fitting would outcome a different atrophy - biomarker proportional ratio for each sample (beta values). The contrast employed (1,1) asked for the sum of both betas being significantly greater than zero. The consequence of this was that one sample could have a stronger influence than the other in the whole sample analysis, probably ADNI over HCB since the biomarker values were lower. We had not considered the option of balancing betas in the contrast to deal with this issue, since the leveling coefficients would be difficult to fix because they would also depend on the interaction of CSF biomarkers with the rest of covariates. Instead, we let it as a limitation of the study. This could explain why the results of p-tau correlation on HCB sample were not replicated in the whole sample analysis. Afterward, we tried to standardize biomarkers values in some way. First option was to use of the index described in ([@bb0170]). However, the lack of subjects with high levels of Aβ~42~ in ADNI sample biased its index, making it not to be comparable with HCB\'s index. Then, the alternative was to use ratios. We decide to use p-tau/Aβ~42~ because it is widely described in the literature ([@bb0115]) and the ratio was potentially independent on the sample. As mentioned, the equivalence of the ratio at the threshold values would suggest the ratio of metabolites could be, at certain degree of accuracy, directly comparable.

There are some additional limitations in our work aside of the previously mentioned one. For instance, the samples sizes were relatively small. For this reason, we had to choose a lenient statistical threshold for all voxel-based analysis. This implied that some results were reliable (p \< 0.05 FEW corrected) and some just trending or plausible (p \< 0.001 uncorrected). The size of the sample made either impossible to perform a stratified analysis on p-tau that would have increase the value of the work. In this regard, merging independent datasets also eased with this difficulty.

In addition, it should be mentioned that some analyses that could clarify the discrepancy between samples could have not been done because the characteristics of the study. For instance, the cross-sectional two-sample *t*-test between ADNI and HCB controls at first time point could not be done because the covariate scanner, indispensable in multisite cross-sectional analyses, would be the same that the group factor. In this regard, working with longitudinal data greatly facilitates the pooling data form different sites. In addition, CSF samples were not available at the time of the second scan, so it cannot be discarded that some controls became preclinical AD during the follow-up period. Finally, there is a possible bias due to the different resolution of acquisition between samples. Specifically acquisition voxels in ADNI dataset were not isometric and that could slightly affect the performance of PLR. However, the plausibility of our results in view of existing literature validates the use of this methodology, in our opinion.

5. Conclusions {#s0060}
==============

GM atrophy rates have been calculated from two-year delayed MRI T1 structural images of cognitively normal subjects and correlated them with CSF biomarkers on two samples (one local and the other from ADNI), both separately and jointly. Analyses on the whole sample showed a correlation of GM atrophy rates, adjusted by age, sex and educational level, with basal Aβ~42~ levels in precuneus, ventral and medial temporal areas and medial frontal areas; with p-tau located in left hippocampus, parahippocampus and striatal nuclei and with p-tau/Aβ~42~ mainly in ventral and medial temporal areas. Regarding analyses performed separately, we found a substantial discrepancy of results between samples, which may lead to significant differences in the sample size needed to detect a particular reduction on cerebral atrophy rates in prevention trials. We suggest that the most likely explanation of this is that, although sharing the same inclusion criteria, both samples reflected a different stage in the AD continuum. This might suggest that atrophy in the AD continuum first appears in parietal areas and later spreads to medial temporal and frontal areas. Also, it is worthy to mention that an exhaustive characterization of its demographic parameters is needed to replicate a sample. Moreover, further effort has to be done in order to standardize CSF-biomarkers measures and thresholds of pathology to make samples from different center to be directly comparable.

Appendix A. Supplementary data {#s0065}
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Complementary image statistical analyses.Image 1
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